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(54) Analog-to-digital converter

(57) A continuous-time ΣΔ-ADC (1) is disclosed. It
comprises a sampled quantizer (5) arranged to generate
samples y(n) of a digital output signal of the ΔΣ-ADC (1)
at sample instants nT, where n is an integer sequence
index and T is a sampling period, based on an analog
input signal to the quantizer (5). Furthermore, the ΔΣ-
ADC (1) comprises one or more DACs (10a-b), each ar-
ranged to generate an analog feedback signal based on
the samples of the digital output signal generated by the
sampled quantizer (5). Moreover, the ΔΣ-ADC (1) com-

prises a continuous-time analog network (20) arranged
to generate the analog input signal to the quantizer (5)
based on the feedback signal(s) from the one or more
DACs (10a-b) and an analog input signal to the ΔΣ-ADC
(1). At least one DAC (10b) of the one or more DACs
(10b) comprises two switched-capacitor DACs (40, 50)
arranged to operate on the same input but with a mutual
delay in time. A corresponding radio receiver circuit
(100), a corresponding integrated circuit (200), and a cor-
responding radio communication apparatus (300, 400)
are also disclosed.
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Description

Technical field

[0001] The present invention relates to the field of an-
alog-to-digital converters, in particular to the field of con-
tinuous-time delta-sigma analog-to-digital converters.

Background

[0002] Fig. 1 shows a general depiction of a continu-
ous-time delta sigma (ΔΣ) analog-to-digital converter
(ADC). The conventional ΔΣ ADC converts an analog
input signal u into a highfrequency serial bit sequence
having a low resolution, often only 1 bit (0 or 1), here
called vd. This coarsely quantized bit sequence Vd is
converted into a highly accurate digital signal w with a
lower sampling rate through subsequent digital low pass
decimation filters, Hd. This is possible since the energy
of the quantization noise is distributed at frequencies out-
side the frequency band of interest.
[0003] The ΔΣ ADC of Fig 1 comprises a coarse quan-
tizer, a loop filter and a feedback DAC. The coarse quan-
tizer comprises one or more comparators clocked at a
clock rate a lot higher than the bandwidth of the analog
input signal u. The digital-to-analog converter (DAC) pro-
vided in the feedback branch generates from the digital
output signal of the quantizer, vd, a sequence of quan-
tized analog signals here called the feedback signal, va.
The loop filter processes both the analog input signal u
and the quantization errors, ε, injected into the system in
the coarse quantizer. By selecting the transfer function
of the loop filter, Lu and Lv, in such a way that, in the
band of interest, the transfer function for the quantization
errors ε is many times smaller than the transfer function
for the analog input signal u, the signal-to-quantization
"noise" ratio (SQNR) in that particular frequency band
can be made large.
[0004] Thus, by selecting Lv properly, the noise trans-
fer function (NTF) can be made high-pass or band-pass: 

whereas the signal transfer function (STF) is a function
of both Lu and Lv: 

[0005] The loop filter can be implemented using active
discrete time (DT) filters or active continuous time (CT)
filters or even passive loop filters. If the NTF is selected

having zeros at low frequencies (DC), the loop filter will
be built up of integrators, which can be implemented us-
ing negative feedback amplifiers. The reason for using
CT filters above their DT counterparts is that they provide
anti-alias filtering, have no front-end sampling, no kT/C
noise and theoretical speed advantages which lead to a
lower power consumption at a given analog signal band-
width.
[0006] Prior art in the implementation of the feedback
DAC in CT modulators is to use a switched current (SI),
or a switched capacitor (SC) to inject a well defined
amount of charge to the summing node of the integrator.
[0007] Fig. 2 shows a possible implementation of a
1-bit SI feedback according to prior art. A logically high
data bit of the digital output signal (HIGH), vd, is applied
as a corresponding reference voltage (for example VREF+
= 1 volt) to the inverting signal input of the amplifier, and
a logically low signal (LOW) of the digital output signal is
fed back as a second reference voltage (for example
VREF- = -1 volt). The reference voltage is converted to a
reference current through the resistor between the VREF
node and the virtual ground (summing node) at the am-
plifier input.
[0008] In the SC feedback according to prior art (e.g.
Fig. 3) a capacitor CREF, is switched using a set of switch-
es between the reference voltage VREF and to the invert-
ing input of the operational amplifier. A reference resist-
ance RREF might be connected on either side of the ca-
pacitor to control the time constant of the switching RC
circuit. The reference capacitor is charged with the ref-
erence voltage (VREF+ or VREF-) corresponding to the
digital output bit in a first clock phase, and then transfers
a well defined charge packet Q = C*VREF to the integrator
in a second clock phase when the switch circuit switches
the reference capacitor CREF to the inverting input of the
amplifier. The discharge of the capacitor CREF will give
an exponentially falling current pulse τ I= I0*exp(-t/τ)
where τ = RREF*CREF is the time constant. Because of
the exponentially decreasing pulse shape the charge Q
displaced in one clock cycle T varies only slightly when
clock jitter occurs, and thus this technique is less sensi-
tive to clock jitter than the ΔΣ ADCs illustrated in Fig. 2.

Summary

[0009] In accordance with embodiments of the present
invention, the inventors have provided for the design of
continuous-time ΔΣ ADCs using SC feeback with rela-
tively low current consumption.
[0010] According to a first aspect, there is provided a
continuous-time ΔΣ-ADC. The continuous-time ΔΣ-ADC
comprises a sampled quantizer arranged to generate
samples y(n) of a digital output signal of the ΣΔ-ADC at
sample instants nT, where n is an integer sequence index
and T is a sampling period, based on an analog input
signal to the quantizer. Furthermore, the continuous-time
ΔΣ-ADC comprises one or more digital-to-analog con-
verters (DACs), each arranged to generate an analog
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feedback signal based on the samples of the digital out-
put signal generated by the sampled quantizer. Moreo-
ver, the continuous-time ΔΣ-ADC comprises a continu-
ous-time analog network arranged to generate the ana-
log input signal to the quantizer based on the feedback
signal(s) from the one or more DACs and an analog input
signal to the ΔΣ-ADC. At least one DAC of the one or
more DACs comprises two switched-capacitor DACs (as
subcomponents) arranged to operate on the same input
but with a mutual delay in time.
[0011] Each of the two switched capacitor DACs may
be arranged to, for each n, be charged with a charge
proportional to the sample y(n) of the digital output signal.
Furthermore, a first of the switched capacitor DACs may
be arranged to (again, for each n) be switched in to the
continuous-time analog network for transfer of its charge
to the continuous-time analog network in a time interval
that lasts between the time instants (n+α3)T and (n+β3)
T. Moreover, a second of the switched capacitor DACs
may be arranged to (again, for each n) be switched in to
the continuous-time analog network for transfer of its
charge to the continuous-time analog network in a time
interval that lasts between the time instants (n+α4)T and
(n+β4)T. The following relations may apply: β4>1, 0 < α3
< α4 < β4 < 2 and α3 < β3 ≤ 1.
[0012] According to some embodiments, α4 ≤ β3.
[0013] According to some embodiments, α4 = β3. For
example, in some embodiments, α4=β3=1, α3 = 0.5, and
β4=1.5.
[0014] Said one or more DACs may comprises one or
more additional DACs, in addition to the at least one DAC
comprising the two switched capacitor DACs. In other
words, said one or more DACs may actually be two or
more DACs. At least a first DAC of the one or more ad-
ditional DACs may be adapted to generate a pulsed feed-
back signal that, for each n, comprises a pulse, the mag-
nitude of which is proportional to the sample of the digital
output signal at sample instant nT and which lasts be-
tween the time instants (n+α1)T and (n+β1)T, wherein 0
< α1 < β1 < 1. Said first DAC may be located in a first
feedback loop and the DAC comprising the two switched-
capacitor DACs may located in a second feedback loop,
which may be an outer feedback loop relative to the first
feedback loop (i.e. a loop that has a higher order of inte-
gration than the first feedback loop).
[0015] The continuous-time analog network may com-
prise a plurality of cascaded continuous-time integrators.
A first one of the integrators may be arranged to receive
a feedback signal from one of the DACs, connected to
the first integrator, and the analog input signal of the
ΔΣ-ADC as input signals. Each of the other integrators
may be arranged to receive a feedback signal from one
of the DACs, connected to that integrator, and an output
signal of a preceding integrator as input signals.
[0016] A last one of the cascaded continuous-time in-
tegrators may be arranged to generate the analog input
signal to the sampled quantizer.
[0017] The continuous-time ΔΣ-ADC may further com-

prise a memoryless feedback path from the output of the
sampled quantizer to the input of the sampled quantizer.
[0018] According to a second aspect, there is provided
a radio receiver circuit comprising the continuous-time
ΔΣ-ADC according to the first aspect.
[0019] According to a third aspect, there is provided
an integrated circuit comprising the continuous-time ΔΣ-
ADC according to the first aspect.
[0020] According to a fourth aspect, there is provided
a radio communication apparatus comprising the contin-
uous-time ΔΣ-ADC according to the first aspect, the radio
receiver circuit according to the second aspect, and/or
the integrated circuit according to the third aspect.
[0021] The radio communication apparatus may e.g.
be, but is not limited to, a mobile phone, a wireless data
modem, or a radio base station.
[0022] Further embodiments are defined in the de-
pendent claims. It should be emphasized that the term
"comprises/comprising" when used in this specification
is taken to specify the presence of stated features, inte-
gers, steps, or components, but does not preclude the
presence or addition of one or more other features, inte-
gers, steps, components, or groups thereof.

Brief description of the drawings

[0023] Further objects, features and advantages of
embodiments of the invention will appear from the fol-
lowing detailed description, reference being made to the
accompanying drawings, in which:

Figs. 1-3 illustrate general continuous-time ΔΣ-AD-
Cs;
Fig. 4 illustrates a continuous-time ΔΣ-ADC accord-
ing to embodiments of the present invention;
Fig. 5 illustrates a continuous-time analog network
according to embodiments of the present invention;
Figs. 6-7 illustrate examples of pulse waveforms;
Figs. 8-9 illustrate digital-to-analog converters
(DACs) according to embodiments of the present in-
vention;
Fig. 10 illustrates an example of pulse waveforms;
Fig. 11 schematically illustrates a radio receiver cir-
cuit;
Fig. 12 schematically illustrates an integrated circuit;
and
Fig. 13 schematically illustrates a mobile phone in
communication with a radio base station.

Detailed description

[0024] The inventors have realized that a DAC, which
is used for feedback in a continuous-time delta-sigma
(ΔΣ) analog-to-digital converter (ADC), can be advanta-
geously implemented using two switched capacitor
DACs (as subcomponents) that share a common output
and operate on the same input but with a mutual delay
in time. Hence, the two switched-capacitor DACs (sub-
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components) are thus arranged to together act as a single
combined DAC, which is different from e.g. two switched-
capacitor DACs that have separate individual outputs
and/or are arranged to operate on different inputs. Such
DACs are described below e.g. in the context of Figs.
8-10. However, to simplify the understanding and to put
these descriptions in a context, embodiments of a par-
ticular type of continuous-time ΔΣ-ADC, developed by
the inventors and for which such DACs are well suited,
are first described. It should be remembered, though,
that the DAC, comprising two switched capacitor DACs
as subcomponents, may well be used in other types of
continuous-time ΔΣ-ADCs as well.
[0025] Fig. 4 is a simplified block diagram of a contin-
uous-time ΔΣ-ADC 1 according to embodiments of the
present invention. The ΔΣ-ADC 1 comprises a sampled
quantizer 5. The sampled quantizer 5 is arranged to re-
ceive an analog input signal of the sampled quantizer 5
on an input terminal 6. The sampled quantizer 5 is ar-
ranged to generate samples of a digital output signal of
the ΔΣ-ADC 1 at sample instants nT (where n is an integer
sequence index and T is a sampling period of the clock
signal clk), based on the analog input signal to the quan-
tizer 5. The sample of the digital output signal at the sam-
ple instant nT is in the following denoted y(n). The digital
output signal is generated on an output port 7 of the sam-
pled quantizer 5. The sampled quantizer 5 may be a sin-
gle-bit or a multibit quantizer.
[0026] In addition, the ΔΣ-ADC 1 comprises two or
more digital-to-analog converters (DACs) 10a-b, each ar-
ranged to generate an analog feedback signal based on
the samples of the digital output signal generated by the
sampled quantizer 5 on output terminals 12a-b. Each of
said two or more DACs may e.g. be of switched-current
(e.g. similar to the SI feedback discussed with reference
to Fig. 2) or switched-capacitor (e.g. similar to the SI feed-
back discussed with reference to Fig. 3) type. One (or
more) of them is of the type mentioned above, including
two switched-capacitor DACs as subcomponents. Fur-
thermore, the ΔΣ-ADC 1 comprises a continuous-time
analog network 20. The continuous-time analog network
20 has an input terminal 26a-b for each of the two or
more DACs 10a-b for receiving the feedback signals gen-
erated by the DACs 10a-b. The continuous-time analog
network is arranged to generate the analog input signal
to the quantizer 5, on an output terminal 24 of the con-
tinuous-time analog network 20, based on the feedback
signals from the two or more DACs 10a-b and an analog
input signal to the ΔΣ-ADC 1, received on an input ter-
minal 22 of the continuous-time analog network 20.
[0027] An example of how the continuous-time analog
network 20 may be embodied is illustrated in Fig. 5. As
illustrated in Fig. 5, the continuous-time analog network
20 may comprise a plurality of cascaded continuous-time
integrators 30a-b. A first one of the integrators (in Fig. 5,
the integrator 30b) may be arranged to receive a feed-
back signal from one of the DACs connected to the first
integrator 30b, and the analog input signal of the ΔΣ-ADC

1 as input signals. Furthermore, as illustrated in Fig. 5,
each of the other integrators may be arranged to receive
a feedback signal from one of the DACs, connected to
that integrator, and the output signal of a preceding inte-
grator as input signals. Moreover, as illustrated in Fig. 5,
a last one of the cascaded continuous-time integrators
(in Fig. 5, the integrator 30a) may be arranged to generate
the analog input signal to the sampled quantizer 5. The
integrators may e.g. be implemented as active RC inte-
grators or Gm-C integrators. The design of such integra-
tors with multiple inputs is well known and therefore not
further described herein.
[0028] According to embodiments of the present inven-
tion, at least a first DAC (e.g. 10a, which is the reference
sign used for the first DAC in the following) of the two or
more DACs 10a-b is adapted to generate a pulsed feed-
back signal that, for each n, comprises a pulse (e.g. out-
put electrical current pulse), the magnitude of which is
proportional to the sample of the digital output signal at
sample instant nT and which lasts between the time in-
stants (n+α1)T and (n+β1)T, wherein 0<α1<β1<1. This
is schematically illustrated in Fig. 6 with a waveform di-
agram.
[0029] According to embodiments of the present inven-
tion, at least a second DAC (e.g. 10b, which is the refer-
ence sign used for the second DAC in the following) of
the two or more DACs 10a-b is adapted to generate a
pulsed feedback signal that, for each n, comprises a
pulse, the magnitude of which is proportional to the sam-
ple of the digital output signal at sample instant nT and
which lasts between the time instants (n+α2)T and (n+β2)
T, wherein 0 < α2 < 1 < β2. This is schematically illustrated
in Fig. 7 with a waveform diagram.
[0030] The inventors have realized that the inner loop
or loops (loops with relatively low order of integration) of
continuous-time ΔΣ-ADC contributes more to the sensi-
tivity to excess loop delay of the ΔΣ-ADC, because their
impact on the impulse response of the cascade of feed-
back DAC and loop filter is the largest, and therefore
changes the loop gain of the system the most. The in-
ventors have realized that using a DAC such as the afore-
mentioned first DAC 10a in such inner loop(s) alleviates
this problem, since the impulse response of the cascade
of feedback DAC and loop filter is less sensitive to a delay
of such a feedback pulse. Thereby, the loop gain is af-
fected less, making the closed loop performance of the
ΔΣ-ADC more robust to such delays. In some embodi-
ments, a memoryless feedback path may be included,
i.e. with one DAC whose output contributes directly (i.e.
without integration) to the analog input signal of the sam-
pled quantizer. Referring to Fig. 5, the output of such a
DAC would thus be added to the output of the integrator
30a for forming the analog input signal to the sampled
quantizer 5. Such a memoryless path can provide a fur-
ther reduced sensitivity to loop delay. In some embodi-
ments, further feedback or feedforward paths may also
be provided between internal nodes of the continuous-
time analog network 20.
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[0031] In addition, the inventors have realized that the
outer loop or loops (loops with relatively high order of
integration) of continuous-time ΔΣ-ADC may be sensitive
to clock jitter and thermal noise since such errors from
the outermost loops have less noise shaping than the
inner loops when referred to the output of the ΔΣ-ADC.
The inventors have realized that using a DAC such as
the aforementioned second DAC 10b in such outer loop
(s) alleviates this problem, since they feed back the low-
est average current and thereby gives the optimum ther-
mal noise performance and clock jitter sensitivity. In com-
bination, these measures provide reduced requirements
on the gain bandwidth of the integrating amplifiers of the
innermost loop and the best noise performance of the
outermost loop. The present invention therefore facili-
tates increased sampling rates giving either increased
bandwidth or dynamic range of the ΔΣ-ADC at a low cost.
Alternatively, the reduced sensitivity to loop delay can be
utilized to reduce the power consumption by reducing
the excess bandwidth of the integrating amplifiers com-
monly introduced to guarantee stability in presence of
process variations and mismatch.
[0032] Accordingly, in some embodiments of the
present invention, the first DAC 10a is located in a first
feedback loop and the second DAC 10b is located in a
second feedback loop, which is an outer feedback loop
relative to the first feedback loop (i.e., which has a higher
order of integration than the first feedback loop). For ex-
ample, the first loop may be the innermost loop, i.e. a
loop with first order integration. Furthermore, the second
loop may be the outermost loop, i.e. the loop with the
highest order integration.
[0033] Even though the timing of the feedback pulses
can be chosen arbitrary in principal there are practical
restrictions coming from the time required to avoid quan-
tizer metastability, and the complexity of the clocking
scheme.
[0034] The decision time of the quantizer requires us
to choose the start point of all feedback pulses signifi-
cantly after the quantizer sampling instant nT (nT <
(n+αk)T for all k, for example αk > 0.1). The exact timing
depends on the clocking scheme. For a two phase (0,
180 degree) clocking scheme, a natural starting point
(i.e. (n+αk)T) is (n+0.5)T, while if a four phase clocking
scheme is available, (n+0.25) T may be chosen, and eight
phases would facilitate a starting point of (n+0.125)T.
[0035] While the inventors have not found any partic-
ular advantage of having different starting points for dif-
ferent feedback pulses, the selection of the endpoint on
the other hand, has been found to influence the sensitivity
to clock jitter and loop delay, as well as the thermal noise
performance of the DAC. It yields the best noise perform-
ance to maximize the relative feedback pulse duration
(β-α). Therefore, according to some embodiments, in the
outermost loops, which contribute a lot to the overall
noise performance of the ΔΣ-ADC, (β-α) = 1 is chosen.
Thus, depending on the available clock scheme, natural
end points for the outermost loops would be (n+β2)T =

(n+1+0.5)T, (n+1+0.25)T or (n+1+0.125)T. The inventors
have further found that the sensitivity to loop delay is
reduced if the innermost DAC pulse end point is signifi-
cantly earlier than the succeeding quantizer sampling in-
stant, i.e. β1 < 1, for example β1 < 0.9. A convenient
choice for most RZ (return to zero) clocking schemes is
to have 50% duty cycle for the innermost feedback puls-
es, resulting in end points of (n+β1)T = (n+0.5+0.5)T,
(n+0.5+0.25)T or (n+0.5+0.125)T, depending on the
clock scheme. An important remark here is of course that
(n+0.5+0.5)T equals the timing of the succeeding sam-
pling instant and therefore yields no improved sensitivity
to loop delay.
[0036] Alternatively, when any clocking scheme is
used, arbitrary starting points may be accomplished by
using delay elements, such as an inverter or a plurality
of cascaded inverters (depending on what delay is de-
sired) to generate delayed clock pulses of other delays
than those naturally provided by the clock phases of a
particular clocking scheme (e.g. four-phase or eight
phase). However, such a delay would have to be rela-
tively exact, or well defined, in order not to change the
transfer function of the loop, and it is typically easier to
get a high precision in the clock delay by using the already
well defined clock phases naturally provided by the par-
ticular clocking scheme.
[0037] According to embodiments of the present inven-
tion, at least one DAC of the two or more DACs 10a-b
comprises two switched-capacitor (SC) DACs (as sub
components). Embodiments of such DACs are illustrated
in Figs. 8-9. In Figs. 8-9, a first one of the SC DACs is
labeled 40 and a second one of the SC DACs is labeled
50. For each n, each of the two switched capacitor DACs
40 and 50 is arranged to be charged with a charge pro-
portional to the corresponding sample y(n) of the digital
output signal. The first SC DAC 40 is arranged to be
switched in to the continuous-time analog network 20 for
transfer of its charge to the continuous-time analog net-
work 20 in a time interval that lasts between the time
instants (n+α3)T and (n+β3)T. Furthermore, the second
SC DAC 50 is arranged to be switched in to the contin-
uous-time analog network 20 for transfer of its charge to
the continuous-time analog network 20 in a time interval
that lasts between the time instants (n+α4)T and (n+β4)
T. These parameters are related such that β4 > 1, 0 <
α3 < α4 < β4 < 2 and α3 < β3 ≤1. This is schematically
illustrated with a waveform diagram in Fig. 10, further
discussed below.
[0038] According to some embodiments, the afore-
mentioned DAC comprising the two SC DACs (as sub-
components) is the second DAC 10b (in which case α3
= α2 and β4 = β2), as is also indicated with reference
signs 10b used in Figs. 8-9. However, this use of refer-
ence signs should not be seen as limiting. Additionally
or alternatively, in other embodiments, one or more other
DACs may be implemented using two SC DACs (as sub-
components).
[0039] In some embodiments, the DAC comprising the
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two SC DACs is located in a feedback loop, which is an
outer feedback loop (i.e. a feedback loop of higher order)
relative to the first feedback loop.
[0040] In the SC feedback according to Fig. 1 dis-
cussed in the background, a capacitor CREF, is switched
using a set of switches between the reference voltage
VREF and to the inverting input of the operational ampli-
fier. A reference resistance RREF might be connected on
either side of the capacitor to lower the time constant of
the switching RC circuit. The reference capacitor is
charged with the reference voltage (VREF+ or VREF-) cor-
responding to the digital output bit (single-bit quantization
is assumed) in a first clock phase, and then transfers a
well defined charge packet Q = C*VREF to the integrator
in a second clock phase when the switch circuit switches
the reference capacitor CREF to the inverting input of the
amplifier. The discharge of the capacitor CREF will give
an exponentially falling current pulse τ I = Io*exp(-t/τ)
where τ = RREF*CREF is the time constant. Because of
the exponentially decreasing pulse shape the charge Q
displaced in one clock cycle T varies only slightly when
clock jitter occurs, and thus this technique is less sensi-
tive to clock jitter than the ΔΣ ADCs illustrated in Figs.
1-2. Furthermore, an advantage of using two switched
capacitor DACs with mutually displaced output pulses
has the advantage, compared with a single switched-
capacitor DAC, that the peak current is reduced, whereby
the risk of slewrate limitations in the continuous-time an-
alog network 20 is reduced. This can e.g. be exploited
by implementing the continuous-time analog network 20
using components with less harsh slewrate require-
ments, which in turn enables a reduced current consump-
tion.
[0041] Fig. 8 shows a 1-bit version of the DAC com-
prising the two SC DACs 40-50 according to an embod-
iment. Each SC DAC 40 and 50 comprises a capacitor
and a set of switches as depicted in Fig. 8. Switches of
the SC DACs 40 and 50 are controlled by non-overlap-
ping switch phases s3-s4 and s5-s6, respectively. Below,
the output bit of the quantizer 5 is assumed to be 1. If it
is 0, then V shall be replaced by -V in the following dis-
cussion. When s3 is on (conducting) the first of the
switched capacitor DACs 40 is charging to Q=V*C/2.
When s4 is on the first of the switched capacitor DACs
40 is discharging into the analog network 20. For proper
operation s3 and s4 should not be on at the same time.
When s5 is on the second of the switched capacitor DACs
50 is charging to Q=V*C/2. When s6 is on the second of
the switched capacitor DACs 50 is discharging into the
analog network 20. For proper operation s5 and s6 should
not be on at the same time.
[0042] A resistor (with resistance 2R) is connected in
series with each one of the switched capacitors to control
the time constant (RC) of its discharge and the peak of
the output current I=V/(2R). In Fig. 9, the two SC DACs
40 and 50 are implemented as in Fig. 8. However, in Fig.
9, a shared resistor (with resistance 2R) is used for the
two SC DACs 40 and 50.

[0043] For someone skilled in the art it is straightfor-
ward to extend the 1-bit switched capacitor DACs shown
in Figs. 8 and 9 into multi-bit switched capacitor DACs
by using e.g. binary weighted or thermometer coded
switched capacitor banks controlled in the same way (for
embodiments where the quantizer 5 is a multibit quan-
tizer).
[0044] The first 40 and the second 50 SC DAC together
generate an overall DAC impulse response as exempli-
fied in Fig.10. Generally, the two discharge time intervals
of the first 40 and second 50 of the switched capacitor
DACs can be chosen arbitrary. In Fig. 10, they have been
illustrated for β3 < α4 for ease of illustration. However,
in other embodiments these parameters may be such
that β3 > α4 or β3 = α4 as well. The inventors have found
that having β3=α4 typically yields the best or close to the
best implementation in practice. Also, it seems practical
to have the same capacitor size in the first 40 and the
second 50 of the switched capacitor DACs (letting them
carry half of the charge from each of the sampling instants
nT each), as shown in Fig. 8 and Fig. 9, even though any
other ratio between the capacitor sizes could be used in
principal. Having equal capacitor size also gives the
same discharge time constants for the two segments of
the impulse response.
[0045] Using a two-phase (0 and 180 degrees) clock
scheme can yield the following timing of the feedback
pulses: α3=0.5, β3=α4=1, and β4=1.5. Since the charg-
ing of the switched capacitor DACs will take place from
(n-1+β3)T to (n+α3)T and (n-1+β4)T to (n+α4)T the first
of the switched capacitor DACs 40 will charge with a
charge proportional to the sample of the digital output
signal at sample instant nT in the same time interval as
the second of the switched capacitor DACs 50 is dis-
charging its charge proportional to the sample of the dig-
ital output signal at the preceding sample instant (n-1)T.
[0046] Using a four-phase (0, 90, 180, and 270 de-
grees) clock scheme could e.g. yield the following timing
of the feedback pulses: α3=0.25, β3=α4=1, and β4=1.75.
Since the sum of the discharge time intervals of the first
and second of the switched capacitor DACs 40 is greater
than the sampling interval T, there will be some overlap
between the discharge time intervals of the first and sec-
ond of the switched capacitor DACs 50, in this case from
(n+0.25)T to (n+0.75)T, for all n.
[0047] When the discharge time intervals of the first
and second of the switched capacitor DACs is not over-
lapping, as is the case for the two-phase clock scheme
above, the series resistor can be shared between the
first 40 and second 50 of the switched capacitor DACs,
as shown in Fig. 9.
[0048] According to some embodiments, a radio re-
ceiver circuit comprises the continuous-time ΔΣ-ADC 1.
This is schematically illustrated in Fig. 11, where the con-
tinuous-time ΔΣ-ADC 1 is placed in a radio receiver circuit
100 in between the analog signal processing domain do-
main (circuits to the left of the ΔΣ-ADC 1) and the digital
signal processing domain (block marked DSP).
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[0049] According to some embodiments, an integrated
circuit comprises the continuous-time ΔΣ-ADC 1. This is
schematically illustrated in Fig. 12, where the continu-
ous-time ΔΣ-ADC 1 is placed in an integrated circuit (IC)
200.
[0050] In some embodiments, a radio communication
apparatus comprises the continuous-time ΔΣ-ADC 1. For
example, the radio communication apparatus may com-
prise a radio receiver circuit, such as the radio receiver
circuit 100 and/or an integrated circuit, such as the inte-
grated circuit 200, that in turn comprises the ΔΣ-ADC 1.
[0051] Non-limiting examples of such radio communi-
cation apparatuses are a mobile phone, a wireless data
modem, and a radio base station. Fig. 13 schematically
illustrates examples of radio communication apparatus-
es in the form of a mobile phone 300 and a radio base
station 400 in communication with each other.
[0052] The present invention has been described
above with reference to specific embodiments. However,
other embodiments than the above described are possi-
ble within the scope of the invention. For example, as
indicated in the beginning of this detailed description, the
DAC comprising two SC DACs as subcomponents may
be used in other types of continuous-time ΔΣ-ADCs than
the continuous-time ΔΣ-ADC embodiments described
above. For example, in some embodiments, the contin-
uous-time ΔΣ-ADC may comprise only a single DAC
(which in turn comprises two SC DACs, acting on the
same input signal and having a common output, as sub
components). Furthermore, in addition to the types of
DACs described, other types of DACs, e.g. using other
pulse durations, may be used as well in some feedback
loops of the ΔΣ-ADC. The different features of the em-
bodiments may be combined in other combinations than
those described. The scope of the invention is only limited
by the appended patent claims.

Claims

1. A continuous-time delta-sigma, ΔΣ, analog-to-digital
converter, ADC, (1) comprising:

a sampled quantizer (5) arranged to generate
samples y(n) of a digital output signal of the ΔΣ-
ADC (1) at sample instants nT, where n is an
integer sequence index and T is a sampling pe-
riod, based on an analog input signal to the
quantizer (5);
one or more digital-to-analog converters, DACs,
(10a-b), each arranged to generate an analog
feedback signal based on the samples of the
digital output signal generated by the sampled
quantizer (5); and
a continuous-time analog network (20) arranged
to generate the analog input signal to the quan-
tizer (5) based on the feedback signal(s) from
the one or more DACs (10a-b) and an analog

input signal to the ΔΣ-ADC (1); wherein
at least one DAC (10b) of the one or more DACs
(10b) comprises two switched-capacitor DACs
(40, 50) arranged to operate on the same input
but with a mutual delay in time.

2. The continuous-time ΔΣ-ADC (1) according to claim
1, wherein, for each n:

- each of the two switched capacitor DACs (40,
50) is arranged to be charged with a charge pro-
portional to the sample y(n) of the digital output
signal;
- a first of the switched capacitor DACs (40) is
arranged to be switched in to the continuous-
time analog network (20) for transfer of its
charge to the continuous-time analog network
(20) in a time interval that lasts between the time
instants (n+α3)T and (n+β3)T; and
- a second of the switched capacitor DACs (50)
is arranged to be switched in to the continuous-
time analog network (20) for transfer of its
charge to the continuous-time analog network
(20) in a time interval that lasts between the time
instants (n+α4)T and (n+β4)T;
wherein β4 >1, 0 < α3 < α4 < β4 < 2 and α3 <
β3 ≤ 1.

3. The continuous-time ΔΣ-ADC (1) according to claim
2, wherein α4 ≤β3.

4. The continuous-time ΔΣ-ADC (1) according to claim
2, wherein α4 = β3.

5. The continuous-time ΔΣ-ADC (1) according to claim
4, wherein α4=β3=1, α3 = 0.5, and β4=1.5.

6. The continuous-time ΣΔ-ADC (1) according to any
preceding claim, wherein said one or more DACs
(10a-b) comprises one or more additional DACs
(10a), in addition to the at least one DAC comprising
the two switched capacitor DACs, wherein
at least a first DAC (10a) of the one or more additional
DACs (10a-b) is adapted to generate a pulsed feed-
back signal that, for each n, comprises a pulse, the
magnitude of which is proportional to the sample of
the digital output signal at sample instant nT and
which lasts between the time instants (n+α1)T and
(n+β1)T, wherein 0 <α1 < β1 < 1;
wherein the first DAC (10a) is located in a first feed-
back loop and the DAC (10b) comprising the two
switched-capacitor DACs is located in a second
feedback loop, which is an outer feedback loop rel-
ative to the first feedback loop.

7. The continuous-time ΔΣ-ADC (1) according to any
preceding claim, wherein the continuous-time ana-
log network (20) comprises a plurality of cascaded
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continuous-time integrators (30a-b).

8. The continuous-time ΔΣ-ADC(1) according to claim
7, wherein

- a first one of the integrators (30b) is arranged
to receive a feedback signal from one of the
DACs (10b), connected to the first integrator
(30b), and the analog input signal of the ΔΣ-ADC
(1) as input signals; and
- each of the other integrators (30a) is arranged
to receive a feedback signal from one of the
DACs (10a), connected to that integrator (30a),
and the an output signal of a preceding integra-
tor as input signals.

9. The continuous-time ΔΣ-ADC (1) according to claim
7 or 8, wherein a last one of the cascaded continu-
ous-time integrators (30a) is arranged to generate
the analog input signal to the sampled quantizer (5).

10. The continuous-time ΔΣ-ADC (1) according to any
preceding claim, further comprising a memoryless
feedback path from the output of the sampled quan-
tizer (5) to the input of the sampled quantizer (5).

11. A radio receiver circuit (100) comprising the contin-
uous-time ΔΣ-ADC (1) according to any preceding
claim.

12. An integrated circuit (200) comprising the continu-
ous-time ΣΔ-ADC (1) according to any of the claims
1-10.

13. A radio communication apparatus (300, 400) com-
prising the continuous-time ΔΣ-ADC (1) according to
any of the claims 1-10, the radio receiver circuit (100)
according to claim 11, or the integrated circuit (200)
according to claim 12.

14. The radio communication apparatus (1) according
to claim 13, wherein the radio communication appa-
ratus is a mobile phone (1) or a wireless data modem.

15. The radio communication apparatus (2) according
to claim 13, wherein the radio communication appa-
ratus is a radio base station (2).
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